Aim: The efficacy of the Akt inhibitor perifosine against chronic myeloid leukemia (CML) cells and its mechanisms of action are unknown. In this study, the cytotoxic effects of perifosine on CML and acute myeloid leukemia (AML) cell lines were compared to elucidate the mechanisms underlying the differences. Methods: Human AML cell lines Kasumi-1 and HL-60, and the CML cell line K562 were used. Cell viability was quantitated using MTT assay. Apoptosis was determined using Annexin V-FITC/propidium iodide and Hoechst staining, which were followed by flow cytometry and fluorescence microscopy analysis, respectively. Caspase pathway activation and the expression of autophagy-related genes were examined using Western blot. Autophagy was studied using electron microscopy, the acridine orange staining method, and GFP-LC3 was examined with fluorescence microscopy. 
Introduction
A hallmark of chronic myeloid leukemia (CML) is expression of the BCR/ABL oncoprotein that results from a reciprocal translocation involving chromosomes 9 and 22. This fusion protein has been exploited as a therapeutic target for the treatment of CML because it plays critical and essential roles in leukemogenesis [1, 2] . The chimeric BCR/ABL protein possesses cellular transforming ability that is ascribed to its elevated tyrosine kinase (TK) activity compared with that of native c-ABL [3] . Inhibition of BCR/ABL with imatinib mesylate (imatinib), a selective inhibitor of ABL kinase activity, results in long-term remission in CML patients; therefore, imatinib is the first-line therapy for newly diagnosed CML patients [4] . However, early relapses occur, and imatinib resistance due primarily to BCR/ABL kinase mutations has been documented [5] . Some resistant cells exhibit genomic amplification of nonmutated BCR/ABL and possess a BCR/ABL independence pathway [6] . Several signaling pathways are affected by constitutively active BCR/ABL, including increased proliferation through RAS/MAPK activation [7] , increased transcriptional activity via STAT recruitment [8] , and decreased apoptosis through the activation of PI3K/Akt [9] . PI3K/Akt signaling is activated in numerous cancers types and is a crucial event in tumorigenesis [10] . Activation of receptor TKs by BCR/ABL results in activation of the PI3K/Akt pathway [11] . Numerous molecules downstream of Akt have been linked to the leukemogenic effects of BCR/ABL, including the proapoptotic protein BAD, MDM2, mammalian target of rapamycin (mTOR), and the FoxO (forkhead) family of www.chinaphar.com Tong Y et al Acta Pharmacologica Sinica npg transcription factors [12, 13] . Activation of Akt may endow CML progenitor cells with the ability to self-renew through deregulation of GSK3β, a critical negative regulator of the Wnt/ β-catenin pathway [14] . Additionally, it was recently reported that imatinib treatment activated the PI3K/Akt/mTOR pathway and that this activation was important in mediating cell survival early in the development of imatinib resistance before the emergence of overt resistance [15] . Perifosine is a lipid-based Akt inhibitor that exhibits antitumor activity in a broad range of tumor types. In vitro, perifosine inhibits the translocation of Akt to the cell membrane and suppresses the growth of various types of solid tumor and leukemia cells [16] [17] [18] . Perifosine induces apoptosis in acute myeloid leukemia (AML) cell lines and reduces the clonogenic activity of AML progenitors, but not of normal CD34 + cells, thereby sensitizing blast cells to etoposide [19] . Recent preclinical studies showed that perifosine has synergistic effects with chemotherapeutic agents, such as etoposide in leukemia cells [19] and doxorubicin in multiple myeloma cells [20] . Based on these data, Phase II clinical trials of perifosine alone or in combination with dexamethasone for patients with relapsed or refractory multiple myeloma have shown promising antitumor activity [21] . However, it has been reported that human CML cell lines are unexpectedly resistant to GSK690693 (another Akt inhibitor); the underlying mechanism for this is unclear [22] . The present study followed up on this interesting observation by investigating the cytotoxic effects of perifosine on human AML cell lines and the CML cell lines K562 and K562/G (a cell line resistant to imatinib). We demonstrated perifosine-induced modulation of different apoptotic and autophagic molecules in an attempt to understand its mechanisms of action. Our data showed that perifosine induced apoptosis and inhibited Akt activation in AML cells, but not in CML cells. Interestingly, treatment of CML cells with perifosine induced autophagy and resulted in the upregulation of ATG5. We also observed that inhibition of the perifosinemediated autophagic response with the lysosomotropic agent chloroquine led to accelerated apoptotic cell death. These findings support the notion that perifosine-induced autophagy is cytoprotective in CML cells.
Materials and methods

Cell lines and cell culture
The human AML cell lines Kasumi-1 and HL-60 and the CML cell line K562 were obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). K562/G cells were kindly provided by the Institute of Hematology, Chinese Academy of Medical Sciences (Tianjin, China). The K562/G cell line is resistant to imatinib (50% inhibition at 48 h in K562 and K562/G was 71.8 and 261.0 nmol/L, respectively) but does not contain mutations within the TK domain. K562 cells expressing GFP-LC3 were established previously in our laboratory [23] . Cell lines were maintained in RPMI-1640 medium with 10% fetal bovine serum (Hyclone, Utah, USA) at 37 °C in a 5% CO 2 humid atmosphere.
Cellular proliferation assay
Colorimetric assays were performed to evaluate drug activity. Leukemia cell lines were seeded into 96-well plates at a density of 1×10 5 /mL in triplicate and then treated with 1.25-20 μmol/L perifosine (Binxinbio, Tianjin, China) alone or in combination with chloroquine (CQ, Sigma, St Louis, MO, USA) for 24 h or 48 h, respectively. At the end of the drug exposure, 20 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) solution (5 mg/mL) was added into each well and incubated for an additional 4 h at 37 °C, at which time the supernatants were removed and 200 μL DMSO was used to dissolve the formazan crystals. The absorbance was read at 570 nm with a microplate reader (Bio-RAD, Berkeley, USA).
Western blot analysis
Cells were harvested and extracted with lysis buffer (Cell Signaling, Danvers, USA). The cell lysate was collected by centrifugation at 12 000×g for 5 min at 4 °C and protein concentration was determined by the BCA method. Samples containing 50 μg protein lysate were separated on 12% SDS-PAGE gels before transfer to a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). The membranes were blocked with TBST containing 5% fat-free milk before overnight incubation with the indicated primary antibodies at 4 °C. The primary antibodies used in this study were as follows: Beclin-1 (Novus Biologicals, Colorado, USA), light chain 3 (LC3, Novus Biologicals), ATG-5 (Sigma), ATG7 (Sigma), JNK (Biovision, CA, USA), and phosphorylated-JNK (p-JNK). Antibodies to BCR/ABL, Akt, phosphorylated-Akt (p-Akt, Ser473), caspase-3, caspase-9, and polyadenosine-5-diphosphate-ribose polymerase (PARP) were purchased from Cell Signaling. The β-actin antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). After incubation with the appropriate secondary antibodies (Multisciences Biotech, Hangzhou, China), antibody binding was detected by enhanced chemiluminescence (ECL) according to the manufacturer's recommendation.
Detection of acidic vesicular organelles
Autophagy is the process of sequestering cytoplasmic proteins into the cellular lytic compartment and is characterized by the development of acidic vesicular organelles (AVOs). Acridine orange (AO) is a widely used method to visualize AVOs. In AO-stained cells, the cytoplasm and nucleolus fluoresce bright green and dim red, respectively, whereas acidic compartments fluoresce bright red. To detect the formation of AVOs, perifosine-treated cells were washed twice with PBS, fixed with 4% paraformaldehyde, stained with AO (Molecular Probes, CA, USA) at 1 μg/mL for 15 min, washed with PBS to remove unbound dye, and subsequently examined under a fluorescence microscope (Olympus, Tokyo, Japan).
Transmission electron microscopy (TEM)
TEM was performed as previously described [23] . Briefly, cells 
Statistical analysis
All assays were performed in triplicate, and the results were presented as the mean±SD. Data were analyzed by the Student's t-test and ANOVA for statistical significance. P values <0.05 were considered significant.
Results
Perifosine reduces cell viability and induces apoptosis of AML, but not CML, cell lines To compare the cytotoxic effects of perifosine on AML and CML cell lines, Kasumi-1, HL-60, K562, and K562/G cells were cultured with the indicated concentrations of perifosine for 24 h or 48 h, respectively. Cell viability was evaluated using an MTT assay. As shown in Figure 1 , perifosine inhibited the growth of Kasumi-1 and HL-60 cells with 50% inhibition (IC 50 ) at 48 h of 4.24 and 3.62 μmol/L, respectively. In contrast, 20 μmol/L perifosine did not significantly reduce the viability of the CML cell lines (K562 and K562/G) at 48 h, suggesting that they were resistant to perifosine. In order to characterize the cytotoxicity of perifosine on leukemia cells, we analyzed the induction of apoptosis in AML and CML cells cultured with 10 μmol/L perifosine for 24 h. Upon perifosine treatment, 27.5% and 24.6% of the AML cells were apoptotic, respectively, whereas little apoptosis was observed in the K562 and K562/G cells ( Figure 2A ). These results were confirmed by fluorescent microscopy analysis of Hoechst staining ( Figure 2B ). Furthermore, Western blotting analysis demonstrated that dosedependent cleavage of caspase-9, caspase-3, and PARP was induced by perifosine in the AML cell lines. Neither cleavage of PARP nor activation of caspase-3 or -9 was detected in the CML cell lines ( Figure 2C ). These data indicated that CML cells were resistant to perifosine-induced apoptosis.
Different effects of perifosine on the phosphorylation of Akt and JNK in leukemia cells
Because the degree of Akt downregulation is correlated with cell sensitivity to perifosine-induced apoptosis [24] , we examined if perifosine could modulate the expression and phosphorylation of Akt (Ser473) in leukemia cell lines ( Figure  3A) . Kasumi-1 and HL-60 cells exhibited a dose-dependent decrease in Akt and p-Akt levels when exposed to perifosine for 24 h. As expected, downregulation of Akt was not observed in CML cell lines that are resistant to perifosine. Perifosine has been reported to trigger JNK activation followed by caspase-8, caspase-9, and PARP cleavage in multiple myeloma and AML cells [20, 25] . We also observed that perifosine strongly induced the phosphorylation of JNK1/2 in AML, but not CML, cells in a dose-dependent manner ( Figure 3B ). Collectively, these results suggested that the failure of perifosine to inhibit Akt and induce phosphorylation of JNK might play a role in mediating the drug resistance of CML cells.
Perifosine induces autophagy in CML cells, but not in AML cells
Autophagy is frequently activated in response to stress and some therapeutic agents and is protective against cell 
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Acta Pharmacologica Sinica npg death [26] [27] [28] . Given these observations, we investigated if perifosine could induce autophagy in K562 cells. An increase in AO-positive acidic vesicular organelles occurs in conjunction with the induction of autophagy in leukemia [23, 27] . As shown in Figure 4A , AO staining of AVOs was detected in K562 cells treated with perifosine, but not in those cells treated with PBS as a control. Fusing GFP with LC3 provides a fluorescent marker for autophagy, so we transfected this construct into K562 cells. The cells were treated with the indicated dose of perifosine for 24 h and autophagosome formation was visualized by fluorescent microscopy. Perifosine treatment at 20 and 40 μmol/L resulted in 33.3% and 47.1%, respectively, of cells that contained LC3-positive vesicles ( Figure 4B ). Transmission electron microscopy revealed the formation of autophagic Figure  4C ). These findings suggested that perifosine induced autophagy in K562 cells. We next examined by Western blot if perifosine could induce the expression of autophagy-related genes. As shown in Figure 5 , a dose-dependent increase in the expression of AGT5 was observed in K562 cells treated with perifosine. Meanwhile, a progressive increase in autophagic activity (defined by LC3-I to LC3-II conversion) was detected after exposure to perifosine for 24 h. However, upregulation of ATG7 and Beclin-1, which are required for autophagy [29] , did not occur. Kasumi-1 cells failed to show this autophagic response or changes in autophagy-related gene expression.
Inhibition of autophagy potentiates perifosine-mediated apoptosis in K562 cells
To examine the significance of perifosine-induced autophagy in CML cells, we inhibited autophagy in K562 and K562/G cells using CQ and analyzed the effect on perifosine-induced cell death. As shown in Figure 6A , cell death, as measured using an MTT assay, significantly increased when perifosine was combined with CQ (from 21.5% to 46.8%; P=0.004). Western blotting showed an enhanced accumulation of LC3-II in CQ-and perifosine-treated K562 cells ( Figure 6B ) because CQ prevents autophagosome-lysosome fusion and thereby blocks autophagic degradation [30] . Furthermore, inhibition of autophagy upon co-treatment with perifosine and CQ promoted the apoptosis of K562 cells as evidenced by increased PARP cleavage and caspase-3 activation ( Figure 6C ). Treatment with perifosine and CQ showed no detectable modulation of the protein level of BCR/ABL ( Figure 6C ). Similar results were also observed in K562/G cells, an imatinib-resistant cell line ( Figure 6 ). These data indicate that perifosineinduced autophagy plays a prosurvival role in protecting leukemia cells.
Discussion
Akt kinase is reported to be constitutively active in the chronic phase of CML, during blast crisis of CML, and in the K562 cell line [11, 31] . Activation of Akt may endow CML progenitor cells with the ability to self-renew and could play an important role in mediating imatinib resistance [14, 15] . Thus, the Akt pathway is an attractive target for the treatment of CML. However, the present study demonstrated that the Akt kinase inhibitor perifosine has activity against AML cells, but not CML cells. This is consistent with a previous report showing that CML cell lines were resistant to GSK690693, another Akt kinase inhibitor [22] , although the mechanism of this resistance is unknown. Some studies suggest that the downregulation of Akt phosphorylation is associated with perifosine-induced apoptosis and inhibition of tumor growth [19, 20, 22, 32] . Similarly, our in vitro experiments showed that perifosine inhibited cell growth and Akt phosphorylation and induced apoptosis in AML Figure 5 . Effects of perifosine on expression of autophagy-related genes. After treatment with the indicated doses of perifosine for 24 h, K562 and Kasumi-1 cells were harvested. Whole cell lysates were subjected to Western blotting for protein expression of Beclin-1, ATG5, ATG7, and LC3. Anti-β-actin antibody was used as a control for protein loading. Inhibition of Akt kinase activity was not observed in the perifosine-insensitive CML cell lines K562 and K562/G, suggesting that the lack of sensitivity was likely due to a failure to inhibit Akt phosphorylation. In contrast to our findings, acute lymphoblastic leukemia cells in which the lack of sensitivity is not related to the inability of perifosine to inhibit Akt signaling have been reported [22] . Therefore, multiple mechanisms of resistance might exist.
Autophagy is a highly conserved catabolic program for the degradation and recycling of cellular components, including long-lived proteins and organelles, and has been recognized as an important regulatory mechanism in cell fate decisions. This process is activated in cancer cells in response to stress or therapeutic agents [23, 26, 27, 33] . An emerging role for autophagy has been demonstrated in response to tyrosine kinase inhibitors (TKI) such as imatinib and INNO-406 in CML cells, including the stem cells [34] [35] [36] . This autophagic response to therapeutic agents in CML cells is dependent on Beclin 1. In the present study, we observed an accumulation of the autophagic protein marker LC3-II and a substantial increase in the formation of AVOs in K562 cells treated with perifosine. Electron microscopy revealed a massive accumulation of autophagic vacuoles after perifosine treatment. Our findings support the previous report in which autophagy was observed in lung cancer cells treated with perifosine [37] . The same study showed that perifosine inhibited the Akt and mTOR axes, which may contribute to perifosine-induced autophagy. Another study reported that Akt inactivation with small molecule inhibitors did not significantly induce apoptosis but instead increased autophagy [38] . In our study, perifosine did not inhibit either the Akt or mTOR axes in CML cells (data not shown), suggesting that alternative signaling pathways are involved in autophagy. Interestingly, we found that treatment with perifosine markedly increased ATG5 protein expression, but not that of Beclin 1. Recent publications suggest that non-canonical autophagy is Beclin 1-independent, and this process is emerging as a key regulator of the cell death path way [39] [40] [41] [42] . Prior studies have shown that the formation of autophagosomes during Beclin 1-independent autophagy is dependent on the ATG12-ATG5 conjugation system, and that ATG5 is necessary for gossypol-mediated autophagy in cancer cells [43] [44] [45] . However, in this study we could not successfully transfect ATG5 siRNA into K562 cells using Lipofectamine. Further investigations are needed to elucidate the molecular mechanism by which perifosine-induced non-canonical autophagy in CML cells is associated with the upregulation of ATG5.
It is well established that autophagy functions in a prosurvival role in cancer cells and that the inhibition of autophagy increases the effectiveness of anticancer drugs [26, 36] . TKIs, the histone deacetylase inhibitor SAHA, and OSI-027 (a drug primarily targeting mTOR) have been reported to initiate protective autophagy in CML cells; disrupting this drug-induced autophagy using CQ, 3-MA, NH 4 Cl, or bafilomycin A 1 significantly augments an agent's antileukemic activity [13, 28, 34] . Consistent with these findings, we showed that the combined use of the Akt inhibitor perifosine with CQ resulted in an enhanced inhibition of cell growth and induction of apoptosis, even though CML cells are resistant to perifosine alone. Moreover, this therapeutic strategy also effectively killed imatinibresistant cells (K562/G), indicating that autophagy inhibitors such as CQ, in combination with Akt inhibitors, could be beneficial in overcoming drug resistance. Importantly, it has been shown that the combination of TKIs with inhibitors of autophagy sensitizes the CD34 + CD38 -subpopulation to TKIs. In a long-term culture-initiating assay that assessed leukemia stem cell functionality, the inhibition of autophagy resulted in a significant elimination of CML stem cells [36] . These promising results led to a phase II clinical trial that will evaluate the efficacy of imatinib combined with hydroxychloroquine (a lysosomotropic agent) in reducing the population of CML stem cells.
In conclusion, we show for the first time that the Akt inhibitor perifosine induces autophagy in CML cells, which along with the upregulation of ATG5, may contribute to the druginduced autophagic response. Moreover, the inhibition of perifosine-induced autophagy led to enhanced cell death in CML cells, suggesting that the inhibition of autophagy may improve the therapeutic effects of Akt inhibitors in the treatment of CML.
